A search for u, ~ ue and Pu ~ Pe oscillations has been carried out with the CHARM II detector exposed to the CERN wide band neutrino beam. The data were collected over five years, alternating beams mainly composed of muon-neutrinos and muon-antineutrinos. The number of interactions of ue and Oe observed is comparable with the number of events expected from flux calculations. For large Squared mass differences the upper limits obtained on the mixing angle are sin220 < 9.4-10 -3 for uu oscillating to ue and sin220 < 4.8. 10 -3 for P~ to P~, at the 90% confidence level. Combining neutrino and antineutrino data the upper limit is 5.6-10 -3 .
Abstract.
A search for u, ~ ue and Pu ~ Pe oscillations has been carried out with the CHARM II detector exposed to the CERN wide band neutrino beam. The data were collected over five years, alternating beams mainly composed of muon-neutrinos and muon-antineutrinos. The number of interactions of ue and Oe observed is comparable with the number of events expected from flux calculations. For large Squared mass differences the upper limits obtained on the mixing angle are sin220 < 9.4-10 -3 for uu oscillating to ue and sin220 < 4.8. 10 -3 for P~ to P~, at the 90% confidence level. Combining neutrino and antineutrino data the upper limit is 5.6-10 -3 . The CHARM II experiment, designed to detect u u e and 0u e elastic scattering, is particularly suited for a measurement of the transition probability P (uu --+ u~) at high energy. The detector was exposed to the CERN-SPS wide band neutrino beam (average E, ~-, 20 GeV) for five years and collected more than 107 utz(Pt,) charged current events. The apparatus allows clean identification of muons, good separation of hadronic from electromagnetic (e.m.) showers, and also some discrimination between showers initiated by a single electron and those induced by arr ~ The method used in this search for oscillation consists in a comparison between the number of observed u~(f,~) nucleon quasi-elastic interactions with those expected from the known contamination of Ue(O~) in the beam. Any excess can be interpreted in terms of an oscillation probability, given --in a two neutrino scheme --by the well-known relation
where 0 is the lepton flavour mixing angle, Am 2 is the difference of the square of the masses in eV 2, E is the neutrino energy in GeV, L is the mean distance between the neutrino source and the detector in km (in this experiment L ~ 0.65 km).
Method of analysis
We evaluated limits on uu --+ u~ oscillation by comparing the observed number of quasi-elastic interactions, u~n --+ e-p and O~p --+ e+n, with the number of events expected from the ue(O~) contamination in the beam. The observed number of events is obtained in the following way. The data collected are filtered in order to select events that appear in the detector as an isolated e.m. shower. From this sample we subtracted events generated by two background processes, namely u~, scattering off electrons and single rr ~ production from neutral current (NC) uuN scattering. While uue scattering is easily removed by means .of kinematical cuts, the 7r ~ background is evaluated making use of the difference in the signal released by an electron and arr ~ in a scintillation counter at the beginning of the shower development.
The expected number of events is computed in two steps. First the expected flux of ue(O~) is evaluated by Monte Carlo simulation of the production and decay of the parent pions and kaons. Then the cross-section for quasi-elastic scattering and the detection efficiency are taken into account. The latter is computed by analysing the quasi-elastic uuN --+ #N' events collected within the detector; the muon of the final state is replaced by an e.m. shower of the same energy and direction, and the full selection chain is applied to this sample.
Data sample
The data used in this analysis were collected in the period 1987-1991 by exposing the CHARM II detector to the CERN neutrino wide band beam for ,-~ 2.6. 1019 protons on target. Depending on the polarity of the magnets focusing the charged neutrino parents, the main component of the beam was 0~ or uu. The integrated flux ratio was 1.2. The experimental apparatus, described in more detail in Ref.
[4], consisted of a massive and low-density fine-grained calorimeter (,--700 t weight, ,-,35 m long) and of a muon spectrometer. The basic building element of the calorimeter was a 48 mm thick glass target corresponding to 0.5 radiation lengths, followed by a plane of plastic streamer tubes; the total number of calorimeter planes was 420. Behind every group of five such modules a plane of 3 cm thick, 15 cm wide and 3 m long plastic scintillation counters was inserted to measure dE/dx. The low Z material and the granularity were chosen to optimize the angular resolution for electron showers while the energy resolution achieved using a digital readout system of the streamer tubes was a(E)/E = 0.09 + 0.15/~.
The muon spectrometer consisted of magnetised iron toroids interspersed with scintillation counters and drift chambers. It measured the momentum of penetrating particles with a typical resolution of = 13% at 20 GeV. Selected quasi-elastic u u (0u) and u~ p (t?~) interactions appeared as a track reaching the spectrometer and as an e.m. shower in the calorimeter, respectively. While the spectrometer determined the charge of the muon, the calorimeter cannot separate electrons from positrons.
In order to obtain a clean sample for analysis, we selected events characterized by small hadronic activity near the vertex. They originate from the quasi-elastic interactions
urn --* l-p and
Otp ---+ l+ n with 1 = e, #, and from resonance production and they have a clear signature in the CHARM II detector. The starting sample for the selection of quasi-elastic ve candidates was obtained from the events satisfying the electron trigger [4] and the criteria for separation between e.m. and hadronic showers. The algorithms adopted for this separation (described in detail in Ref. [4] ) were based on the pattern of hits in the streamer tubes and on the comparison between the total energy and that deposited close to the shower axis. Since the energy deposited in the scintillator played a crucial role in the analysis, only events whose vertex occured in a module that was followed by a scintillator plane were accepted. To avoid edge effects, the vertex itself was required to lie within a 145 cm radius around the detector axis, between plane 25 and 400 along the beam direction, and more than 1 cm inside the scintillator counters. Moreover, to further improve hadronic background rejection, the selected events were required to have a signal only in one of the scintillators of the following plane and only one hit in the first active tube layer of the shower.
Muon-neutrino quasi-elastic events were used to compute the expected number of ve quasi-elastic events, by replacing the muon with an electron shower. They were selected by a dedicated trigger which required a track in the spectrometer and subsequently in the offline analysis by discriminating against shower activity at the vertex. The rejection adopted corresponds to a hadronic energy threshold of 1.5 GeV. It was also required that the charge of
